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Seeing begins in the photoreceptors, where light is absorbed and signaled to the nervous system. 
Throughout the animal kingdom, photoreceptors are diverse in design and purpose. Nonetheless, 
phototransduction—the mechanism by which absorbed photons are converted into an electrical 
response—is highly conserved and based almost exclusively on a single class of photoproteins, 
the opsins. In this Review, we survey the G protein-coupled signaling cascades downstream from 
opsins in photoreceptors across vertebrate and invertebrate species, noting their similarities as 
well as differences.Introduction
The great majority of animals have photoreceptors of one sort or 
another for detecting food source, mate, predator/prey, orienta-
tion, or simply the light/dark cycle dictated by the movement of 
the sun. Such photoreceptors, whether ocular or extraocular, are 
generally distinguishable into two types: ciliary and rhabdomeric, 
depending on whether the proliferation of photosensitive mem-
branes necessary for efficient light absorption is derived from a 
modified cilium or from microvillar projections of the apical cell 
surface forming a rhabdom (for review, Arendt, 2003; Lamb et al., 
2007). Uniformly, these photoreceptors sense light with a visual 246 Cell 139, October 16, 2009 ©2009 Elsevier Inc.pigment composed of a vitamin A-based chromophore and a 
seven-transmembrane-helix apoprotein, opsin. These pigments 
are prototypical G protein-coupled receptors (GPCRs), signaling 
via heterotrimeric G proteins. More than 1000 opsins have now 
been identified in the animal kingdom, all believed to originate 
from a common ancestor and separate from the structurally simi-
lar bacteriorhodopsin and channelopsins (Arendt, 2003; Terakita, 
2005). Most opsins belong to two major groups: c-opsin (“c” for 
ciliary) and r-opsin (“r” for rhabdomeric), classified according to 
molecular phylogeny but also matching the corresponding cell 
types with which the pigments are associated (Figure 1A). There Figure 1. Opsin Phylogenetic Tree
(A) Schematic phylogenetic tree of the opsin family. Depicted opsins (vertebrate unless otherwise stated) are color-coded with respect to the phyla of origin 
shown in (B). There are two main groups: c-opsins and r-opsins, together with a miscellaneous group (Go-opsin, etc.) more closely related to c-opsins than 
r-opsins. Branch lengths are arbitrary. Simplified from that originally derived with a maximum-likelihood algorithm by Suga et al. (2008).
(B) Simplified evolutionary tree of present-day animal phyla. Modern-day bilaterians comprise the protostome invertebrates and the deuterostomes, which 
include the vertebrate lineage. These two lines diverged ~550 million years ago (Mya), by which time an “Urbilaterian,” a common ancestor, had already evolved 
with both rhabdomeric- and ciliary-type photoreceptors (Arendt, 2003). Arrow indicates the Cnidarian (prebilaterians)/bilaterian split.
Figure 2. Phototransduction in Vertebrate Rods
Light converts rhodopsin into an active form, Rh*, which activates heterotrimeric Gt by GTP-GDP exchange. Active Gtα (Gtα*) binds to and activates phospho-
diesterase (PDE), which hydrolyzes cyclic GMP (cGMP) to GMP, thereby closing the cyclic-nucleotide-gated (CNG) channels that are open in darkness. hν, 
photon; Rh*-P, phosphorylated Rh*, which retains partial Rh* activity; Rh*-P-Arr, phosphorylated Rh* with arrestin bound, rendered fully inactive. Red lines end-
ing in a small bar indicate negative-feedback (inhibitory) pathways via Ca2+. The inhibition by Ca2+ on the cGMP gating of the CNG channel is via a Ca2+-binding 
protein that may be calmodulin. Based on Yau (1994), Luo et al. (2008b), and Pugh et al. (1999). Inset: schematic diagram of the ciliary rod photoreceptor, with 
a light-sensitive outer segment formed from a highly expanded cilium.are also minor groups: Go-opsin, peropsin, neuropsin, enceph-
alopsin/teleost multiple tissue (tmt) opsin, and photoisomerase 
(Terakita, 2005). Go-opsins mediate phototransduction in cer-
tain ciliary photoreceptors, whereas photoisomerases serve to 
regenerate the chromophore. The functions of the remaining 
groups remain unclear. Ciliary photoreceptors are characteris-
tic of the deuterostome lineage, which includes the vertebrates, 
whereas rhabdomeric photoreceptors are predominantly 
found in protostome invertebrates such as flatworms (platy-
helminthes), polychaetes, arthropods, and molluscs (Figure 
1B) (Arendt, 2003). However, in most phyla, ciliary and rhab-
domeric photoreceptors often coexist in the same organism, 
implying that they arose before the protostome/deuterostome 
split ~550 million years ago and have evolved independently 
since then (Arendt, 2003). Not surprisingly, there is an enor-
mous diversity of animal photoreceptors, organized into elab-
orate eyes, simple eyespots, or just cell clusters, or even as 
isolated photoreceptive cells.
With respect to physiology, the ciliary vertebrate rods and 
cones hyperpolarize to light, whereas rhabdomeric photore-
ceptors depolarize to light. However, light-response polarity 
is not an absolute distinguishing feature between ciliary and 
rhabdomeric photoreceptors, or between vertebrates and 
invertebrates. One principle does seem to hold, however; 
namely, ciliary photoreceptors invariably use a cyclic-nucle-
otide motif for phototransduction, whereas rhabdomeric 
photoreceptors invariably use a phospholipase C (PLC) motif 
(Finn et al., 1997; Xiong et al., 1998; Nasi et al., 2000). Some 
photoreceptors with no telltale morphological features also 
exist, such as the newly discovered intrinsically photosensi-
tive retinal ganglion cells in vertebrates (for review, Berson, 2007) and some simple photoreceptors in the neural ganglia 
of invertebrates (for review, Gotow and Nishi, 2008). None-
theless, so far as is known, these still appear to conform to 
one or the other canonical motif.
In this Review, we describe the cyclic-nucleotide and PLC 
motifs in some detail, based on the well-studied vertebrate 
rod photoreceptor and Drosophila compound-eye photore-
ceptor. We also describe some interesting variations in details 
within each motif found in other photoreceptors.
Vertebrates
Retinal rods and cones underlie our conscious vision. They 
exist in all vertebrates and are the classic photoreceptors of 
study. They were long thought to be the only photoreceptors 
in mammals. Recently, however, this view has dramatically 
changed with the discovery of a novel class of photorecep-
tor in the inner retina, in the form of intrinsically photosensi-
tive retinal ganglion cells. These unusual photoreceptors will 
be described later together with other photoreceptors found 
in lower vertebrates.
Rods
Rods mediate vision in dim light. Their phototransduction 
process is extremely well understood—arguably the best 
understood of all G protein-mediated signaling processes 
(for historical perspective, Luo et al., 2008b). It serves as a 
benchmark for understanding G protein-coupled processes 
generally and for understanding other sensory transduction 
processes such as in olfaction and taste. Many steps are 
known down to mathematical detail, and crystal structures 
have been solved for some components.Cell 139, October 16, 2009 ©2009 Elsevier Inc. 247
Phototransduction Motif
Phototransduction takes place in the cell’s ciliary outer seg-
ment, which is tightly packed with membrane discs full of 
visual pigment (rhodopsin, Rh; “Rh” is also adopted in this 
Review to denote a pigment generally). The key components 
of phototransduction and their interactions are shown in Figure 
2. Essentially, photoisomerized, active Rh (Rh*) activates the G 
protein transducin (Gt), which in turn stimulates a phosphodi-
esterase (PDE) that hydrolyzes specifically cGMP. Both Gt and 
PDE are peripheral membrane proteins. In darkness, the free 
cGMP is at a relatively high concentration and, by direct bind-
ing, maintains cGMP-gated, nonselective cation channels on 
the plasma membrane in the open state. These channels, with 
the unusual property of showing no desensitization to ligand, 
maintain a steady inward current in darkness (“dark current”) 
and depolarize the cell sufficiently (dark membrane potential at 
~−30 mV) to sustain synaptic-transmitter (glutamate) release. 
The light-induced, graded decrease in free cGMP closes 
the cGMP-gated channels, thus hyperpolarizing the cell and 
reducing or stopping the glutamate release. These cells do not 
fire action potentials. In rods, Rh, Gt, and PDE have relative 
concentrations of about 100:10:1.
Activation
Rh* activates Gt supposedly through random diffusional encoun-
ters between the two proteins in the disc membrane (for review, 
Arshavsky et al., 2002). These encounters catalyze GDP-GTP 
exchange on the guanine-nucleotide-binding site of the α sub-
unit of Gt (Gtα), which constitutively binds GDP. The active Gtα 
(Gtα*.GTP, sometimes referred to here as simply Gtα*) then disso-
ciates from its partnering transducin βγ subunits (Gtβγ) and binds 
to a PDE γ subunit (PDEγ) (Figure 2). This binding removes the 
inhibition by PDEγ on the catalytic PDEαβ subunits, allowing the 
latter to hydrolyze cGMP. In each PDE complex, there are one 
PDEαβ (PDEα and PDEβ being tightly associated with each other) 
and two PDEγ subunits. Thus, one Gtα* presumably stimulates 
only half of the activity of the PDE tetramer. Also, once Gtα binds 
GTP, Rh* dissociates from Gt and goes on encountering and 
activating other Gt’s. It was initially thought that an Rh* activates 
as many as 103 Gt’s during the single-photon response, which 
lasts ~1 s at room temperature. However, it now appears that 
perhaps only ~20 Gtα* molecules are produced by an Rh* during 
a mouse rod’s single-photon response (Krispel et al., 2006). This 
is nonetheless a substantial amplification in signaling. Further-
more, the high hydrolytic rate of the active PDE (PDE*) provides 
additional amplification. Indeed, it is the high Gtα*/Rh* signaling 
ratio in rod phototransduction that famously contributed to the 
textbook dogma of high amplification in GPCR signaling. How-
ever, it now appears that this high signaling ratio may not be 
a general characteristic of GPCR signaling (Bhandawat et al., 
2005). Most recently, the longstanding belief that Rh exists as a 
monomer has also been questioned. It may, instead, be a dimer 
like some other GPCRs and can apparently form paracrystalline 
arrays (for review, Fotiadis et al., 2006; Müller et al., 2008; Wen-
sel, 2008; Scheerer et al., 2008). This important issue remains to 
be resolved. Regardless of whether rhodopsin exists as a mono-
mer or dimer, it takes only one absorbed photon, hence one Rh* 
molecule, to trigger phototransduction (for review, Baylor, 1987; 
Whorton et al., 2008).248 Cell 139, October 16, 2009 ©2009 Elsevier Inc.Deactivation
The deactivation of phototransduction is complex (Figure 
2) and still under investigation (for review, Burns and Baylor, 
2001; Burns and Arshavsky, 2005; Luo et al., 2008a). For com-
plete deactivation, each active component must shut down. 
Rh*, corresponding to the meta-II state of Rh, decays over a 
minute into an inactive state (meta-III). Long before this decay, 
however, Rh* is phosphorylated by a rhodopsin kinase (now 
called G protein-coupled-receptor-kinase 1, or GRK1), fol-
lowed rapidly by the binding of another protein, arrestin (Arr), 
which recognizes phosphorylated Rh* (Rh*~P). Rh*~P still has 
perhaps some activity, but Rh*~P-Arr loses all activity. There 
are 6–7 C-terminal phosphorylation sites (serine/threonine 
residues) on Rh, many or all of which apparently need to be 
phosphorylated for the normal decay of the response; other-
wise, the response decay is slowed (Mendez et al., 2000; Doan 
et al., 2006). Eventually, Rh, perhaps in the free-opsin state 
after meta-III decay/hydrolysis or in the regenerated rhodopsin 
state, loses its bound arrestin and is dephosphorylated, most 
likely through the action of a generic phosphatase, such as 
protein phosphatase 2A (Palczewski et al., 1989).
Gtα* deactivates itself by intrinsic GTPase activity, which 
converts the active Gtα*.GTP to the inactive Gtα.GDP. This 
GTPase activity, as in some other Gα subunits, is facilitated 
by a GTPase-activating-protein (GAP) complex (for review, 
Cowan et al., 2001). In rods, this complex consists of a pro-
tein called regulator of G-protein signaling 9 (RGS9), a RGS9-
anchoring protein (R9AP), and an orphan G protein β subunit 
(Gβ5), together with the substrate of Gtα*, PDEγ (Burns and 
Arshavsky, 2005). The requirement for PDEγ ensures that Gtα*.
GTP has found and activated its substrate before deactivation 
occurs. Upon GTP hydrolysis, the resulting Gtα.GDP dissoci-
ates from PDEγ and reassociates with Gtβγ, allowing PDEγ to 
resume its inhibition of PDEαβ (Figure 2). It is thought that PDEγ 
never physically dissociates from PDEαβ during PDE activation 
but is simply sterically displaced. Because the stoichiometry 
of PDE is 1PDEαβ:2PDEγ, both constituent PDEγ's presumably 
have to be restored before the enzyme declines fully to its dark 
state. Some dark PDE activity does exist, which balances con-
stitutive guanylate cyclase (GC) activity to maintain a steady 
free cGMP concentration of ~1 µM (for review, Yau, 1994). This 
dark PDE activity comes from the constitutive “rocking” of 
PDEγ on PDEαβ (Rieke and Baylor, 1996), causing intermittent 
PDEαβ activity and producing dark-current noise (Baylor, 1987). 
Finally, although cytoplasmic free cGMP is ~1 µM, the total 
cGMP concentration in the rod outer segment is much higher, 
at ~60 µM, almost all of which is tightly bound to noncatalytic 
sites on PDEαβ (~30 µM PDE tetramers, with a single noncata-
lytic binding site on each of PDEα and PDEβ). The bound cGMP 
does not readily exchange with the free cGMP and is released 
only when free cGMP decreases to a very low level in bright 
light, supposedly to modulate the PDEαβ catalytic activity (Cote 
et al., 1994).
Transducing Ion Channel
The cGMP-gated cation channel is a tetrameric complex com-
posed of A and B subunits, each with a single cGMP-binding 
site on its cytoplasmic C terminus. These belong to the small 
family of cyclic-nucleotide-gated (CNG) cation channels (for 
review, Yau and Baylor, 1989; Finn et al., 1996; Kaupp and Seif-
ert, 2002; Hofmann et al., 2005) and correspond to CNGA1 and 
CNGB1. The rod-channel complex has an unusual, asymmetri-
cal 3A:1B stoichiometry (e.g., Zhong et al., 2002). The channel 
has a moderate affinity for cGMP (K1/2 ~50 µM; activation Hill 
coefficient of 2.5–3.0). With free cGMP at ~1 µM in darkness, 
only ~1% of the channels, or ~104 out of an overall 106 channels, 
are open (Yau, 1994). This may seem wasteful because light 
only closes these channels. However, the low affinity ensures 
that the cGMP already bound to the open channels in darkness 
will dissociate rapidly when cytosolic cGMP falls, thus provid-
ing a fast response to light (Yau and Baylor, 1989).
Being nonselective to cations, the rod cGMP-gated channel 
(and CNG cation channels in general) is permeable to mon-
ovalent and divalent cations. The divalent cations, Ca2+ and 
Mg2+, partially block the channel as they permeate through 
(Yau, 1994), with the resulting fast “flicker” block producing a 
very small effective single-channel conductance of ~0.1 pS. 
This small conductance minimizes open-channel noise for a 
given dark-current amplitude, effectively increasing the signal-
to-noise ratio of the light response (Yau and Baylor, 1989).
Ca2+ Feedback
Besides the timely terminations of Rh*, Gtα*, and PDE*, the decline 
of the light response is speeded by multiple negative-feedback 
mechanisms mediated by Ca2+ (Figure 2; for review, Koutalos 
and Yau, 1996; Pugh et al., 1999; Fain et al., 2001). Ca2+ carries 
~15% of the dark inward current, the rest being carried largely by 
Na+ (Yau, 1994). In darkness, this steady Ca2+ influx is balanced 
by an equal Ca2+ efflux via a Na/Ca,K exchanger (NCKX) on the 
outer-segment plasma membrane, which couples Na+ influx to 
Ca2+ and K+ effluxes (4Na+:1Ca2+:1K+ stoichiometry) (for review, 
Schnetkamp, 2004). In the light, the closure of cGMP-gated 
channels reduces or stops the Ca2+ influx, but the Ca2+ efflux 
continues, thus lowering the intracellular free Ca2+ concentration 
(Yau, 1994). This Ca2+ decrease has three effects. First, the GC 
activity increases. The reason is that the GC activity requires 
two guanylate cyclase-activating proteins, GCAP1 and GCAP2, 
which are Ca2+-binding proteins that are negatively modulated 
by Ca2+ when it binds to their EF-hands (for review, Palczewski et 
al., 2004). In darkness, the relatively high free Ca2+ concentration 
(~600 nM) keeps the GC largely in check. In the light, the Ca2+ 
decrease disinhibits the GCAPs, thus elevating the GC activity 
to chase after the light-stimulated PDE activity, producing nega-
tive feedback. Second, GRK1 is negatively modulated by Ca2+ 
through another EF-hand-containing, Ca2+-binding protein called 
recoverin or S-modulin (for review, Kawamura and Tachibanaki, 
2002), so that Rh* phosphorylation (and hence arrestin binding) 
is moderately slow in dim light but accelerates when Ca2+ pro-
gressively decreases in brighter light, reducing the active life-
time of Rh* and thus the amplification (i.e., the Gtα*/Rh* signal-
ing ratio decreases). Third, high Ca2+ (possibly via calmodulin) 
reduces the affinity of cGMP for the channel, so some channels 
initially closed by light reopen as Ca2+ falls (for review, Warren 
and Molday, 2002). Na/Ca exchangers (NCXs), which employ 
the inward-directed Na+ electrochemical gradient to extrude 
Ca2+, are found in most cells, but NCKX, first found in rods, has 
a much more restricted presence. The additional outward K+ 
movement (driven by the outward-directed K+ electrochemical gradient) provides extra driving force in order to reduce intrac-
ellular Ca2+ to a level lower than can be achieved by Na+ alone 
(Cervetto et al., 1989). The steady Na+ and K+ fluxes through the 
cGMP-gated channels and the exchanger in darkness require 
an active Na/K ATPase at the inner segment (adjacent to the 
outer segment) and cell body to maintain the respective electro-
chemical gradients. The associated large energy consumption 
is presumably met by the densely packed mitochondria adjoin-
ing the outer segment. In fact, the outer retina has an extremely 
high oxygen-consumption rate (Braun et al., 1995; Okawa et 
al., 2008). Some of the details in the modulation of the GC by 
the GCAPs and in the modulation of GRK1 by recoverin are still 
being actively studied.
Light Adaptation
The Ca2+ feedback already takes effect during the rod’s 
response to a dim flash, even during that to a single photon, 
and contributes to the speedy recovery of the cell after the 
flash. In steady light, the same feedback leads to “background-
light adaptation,” manifested as a reduced sensitivity of the 
cell (i.e., a smaller response to a criterion test flash) and faster 
response kinetics (Koutalos and Yau, 1996; Pugh et al., 1999; 
Fain et al., 2001). At low and intermediate light intensities, the 
Ca2+ feedback via the GC modulation is dominant; at higher 
intensities, the feedback via the GRK1 modulation begins to 
kick in, becoming increasingly important with increasing light. 
Thus, there is a division of labor. The feedback via the channel 
modulation is weak and relatively unimportant (Koutalos and 
Yau, 1996). The ability of rods to adapt to light is nonetheless 
quite limited, and they become useless for vision when their 
response saturates in moderately bright light.
The high cGMP flux rate (i.e., continuous hydrolysis and syn-
thesis) under steady light also contributes to light adaptation 
(Pugh et al., 1999). Thus, with a higher steady PDE activity, 
the fractional increase in PDE per additional absorbed photon 
becomes smaller (hence lower sensitivity), and the post-light 
recovery of cGMP also becomes faster owing to a correspond-
ingly higher GC activity.
Even in complete darkness, the Ca2+ feedback has the criti-
cal role of suppressing any excessive fluctuations in the free 
cGMP concentration, which otherwise, apart from producing 
noise, could be detrimental to the cell by occasionally open-
ing an excessive number of cGMP-gated channels (Yau, 1994; 
Burns et al., 2002).
Single-Photon Response and Its Invariance
When dark-adapted, an amphibian rod’s response to a single 
absorbed photon is ~1 pA in size, or ~3% of the maximum (sat-
urated) light response (Baylor, 1987). As few as ~30 absorbed 
photons will produce a half-maximal response. These values 
broadly apply to mammalian rods as well (the mouse-rod single-
photon response is ~0.5 pA). Thus, rods are immensely sensitive 
to light. Indeed, it has long been known that a rod can signal the 
absorption of a single photon to the postsynaptic cell, and it takes 
only several absorbed photons in a small area of the retina for a 
fully dark-adapted human subject to report a light flash (Hecht 
et al., 1942). Finally, the single-photon response is remarkably 
constant in amplitude and kinetics (Baylor, 1987). In principle, 
the lifetime of a single Rh* molecule should be stochastic, with 
a probability distribution described by a single-exponential Cell 139, October 16, 2009 ©2009 Elsevier Inc. 249
Figure 3. Pigment Cycles in Vertebrate and Drosophila Photoreceptors
(A) Rods and cones. There are two cycles: one involving the retinal pigment epithelial cell and used by both rods and cones, and the other involving the 
Müller cell and used exclusively by cones (Travis et al., 2007 and Muniz et al., 2007). hν, photon; RAL, retinal; ROL, retinol; R-ester, retinyl ester; IRBP, inter-
photoreceptor retinoid-binding protein; CRBP, cellular retinol-binding protein; CRALBP, cellular retinaldehyde-binding protein; RDH, retinol dehydrogenase; 
REH, retinyl ester hydrolase; LRAT, lecithin:retinol acyl transferase; ARAT, acyl-CoA:retinol acyl transferase. LRAT and RPE65 are absent in Müller cells. The 
isomerase and ARAT in Müller cells are kinetically coupled and together named isomerosynthase.
(B) Drosophila photoreceptor. Blue light (470 nm) photoisomerizes 11-cis-3-hydroxy-retinal in rhodopsin (R) to all-trans 3-hydroxy-retinal (top), gen-
erating active metarhodopsin (M*). Photoregeneration is achieved simply by long-wavelength light (570 nm), which reisomerizes all-trans to 11-cis, 
thereby reconverting M to R irrespective of whether it is phosphorylated (indicated by “-pp”) or bound to arrestin (Arr2). M* is thermostable and contin-
ues to activate Gq until it binds Arr2. M is also phosphorylated by rhodopsin kinase (RK) on C-terminal serines, but this is not required for Arr2 binding 
or response termination. The Mpp-Arr2 state is a target for clathrin-mediated endocytosis, but this endocytosis is inhibited by the CaMKII-dependent 
phosphorylation of Arr2. After Mpp is photoreconverted to Rpp, Arr2 is released, as long as it has been phosphorylated (Arr2p). Rpp is dephosphorylated 
by Ca-CaM-dependent rhodopsin phosphatase (coded by rdgC) to recreate the ground state, R. Prior to Ca2+ influx, Arr2 is prevented from binding 
to M*, by being bound to NINAC or a NINAC-regulated target. Once channels open to allow Ca2+ influx, Ca-CaM releases Arr2 to allow it to rapidly 
bind to M* (Liu et al., 2008).decline; consequently, the same should happen to the ampli-
tude and kinetics of the single-photon response, thereby jeopar-
dizing the signal-to-noise ratio. The observed response param-
eters are actually much tighter in dispersion than expected. This 
longstanding mystery appears better understood now. Based 
on recent findings, the constancy in amplitude may be ascribed 
to the intrinsic averaging due to multiple phosphorylations of Rh* 
(Doan et al., 2006), and the constancy in response kinetics may 
be ascribed to the averaging due to multiple Gtα molecules being 
activated per Rh* (Krispel et al., 2006). After much debate, the 
decay time course of the response now appears to be domi-
nated by the deactivation of Gtα* (i.e., this is the slowest step), 
which lasts ~200 ms in mouse (Krispel et al., 2006). It remains to 
be seen whether this important question is finally settled.
Transduction Noise
Rh is very stable in darkness (half-life ~103 years at room tem-
perature), but spontaneous (thermal) isomerization events trig-
gering transduction are nonetheless occasionally detectable 250 Cell 139, October 16, 2009 ©2009 Elsevier Inc.(Baylor, 1987), owing to the high pigment content (~108–109 Rh 
molecules) in a rod. Such spontaneous events, at ~1 event per 
minute in a mouse or human rod, produce noise that interferes 
with light detection especially at threshold (Barlow, 1957). In 
addition, as mentioned earlier, there is continuous PDE noise 
in darkness. The actual dark noise experienced by a human 
subject in classic psychophysical experiments is close to the 
rate of spontaneous isomerization of Rh. Thus, the PDE noise 
may be mostly filtered out at subsequent synapses (for review, 
Field et al., 2005). The same presumably happens to any noise 
originating from the opening of cGMP-gated channels, which 
has even faster kinetics than the light response.
After deactivated Rh* dissociates into opsin and the chro-
mophore (i.e., in the bleached state), the free opsin nonetheless 
retains a constitutive, albeit extremely low, activity (~10−6 of Rh*) 
(Fain et al., 2001). When the bare opsin level accumulates and 
becomes substantial (say, ≥1% of total pigment after a strong 
light), this residual activity can be significant and resembles the 
presence of a steady light, causing adaptive change by the rod. 
In other words, Rh bleaching reduces sensitivity far more than 
would be expected from simply a lower photon catch due to a 
lower Rh content. This phenomenon is called “bleaching adap-
tation” (for review, Fain et al., 2001; Lamb and Pugh, 2004). 
In this sense, the chromophore, 11-cis-retinaldehyde (11-cis-
retinal), acts as a negative agonist of opsin in darkness to sup-
press its constitutive activity.
Pigment Cycle
There have been major advances in our understanding of pig-
ment regeneration in recent years (for review, Lamb and Pugh, 
2004; Muniz et al., 2007; Travis et al., 2007). The visual pigment 
consists of the protein moiety, opsin, and the chromophore, a 
derivative of vitamin A called 11-cis-retinal, which are covalently 
linked by a protonated Schiff base. Most vertebrates use the 
same chromophore (11-cis-retinal, except for some amphib-
ian and aquatic species, which use 11-cis-3 dehydroretinal). 
Light isomerizes 11-cis-retinal to all-trans-retinal, followed rap-
idly by several spontaneous conformational changes in opsin 
that lead to the active state, meta-II (Rh*), within ~1 ms. Meta-II 
eventually decays to inactive meta-III, followed by the latter’s 
hydrolysis into opsin and free all-trans-retinal. All-trans-retinal 
is reduced to all-trans-retinol, exits the cell, and travels (helped 
by the interphotoreceptor retinoid-binding protein, IRBP, an 
extracellular carrier protein) to the overlying retinal pigment 
epithelial cell, where it is reconverted by an elaborate chemi-
cal reaction (for review, Rando, 2001; Travis et al., 2007) into 
11-cis-retinol, then 11-cis-retinal, and returned to the rod for 
spontaneous combination with opsin to reform the holopig-
ment (Figure 3A, left). After extensive search, the key enzyme 
for this reisomerization, a retinyl isomerohydrolase, has been 
identified (RPE65) (Jin et al., 2005; Moiseyev et al., 2005; Red-
mond et al., 2005). Because the chromophore is highly hydro-
phobic, intracellular carrier proteins (CRBP and CRALBP) are 
involved in its shuttling.
Cones
Cones mediate vision in bright light. They also mediate color 
vision by virtue of there being more than one spectral cone 
type in the retina. Qualitatively, cone phototransduction is 
similar to that in rods (Yau, 1994; Luo et al., 2008a). There are, 
however, quantitative differences. Notably, the cone single-
photon response is typically 102-fold smaller than that of rods 
and individually undetectable, as well as several-fold faster in 
kinetics (Baylor, 1987). Their faster responses make them bet-
ter motion detectors than rods. Cones also adapt to light much 
more effectively than rods. The adaptive properties of cones, 
and the underlying mechanisms, still require much explora-
tion. On the whole, cone phototransduction is less well under-
stood than rod phototransduction. Nonetheless, knowledge is 
steadily emerging.
Besides the pigment, the other primary phototransduction 
proteins, including Gtα, Gtβγ, PDE, and cGMP-gated channel, 
also have different isoforms in rods and cones (for review, Fu 
and Yau, 2007; Kawamura and Tachibanaki, 2008). The cone 
PDE, like the rod PDE, is a tetramer but has only two different 
subunits: one catalytic (PDEα’) and the other inhibitory (PDEγ’), 
in a stoichiometry of 2PDEα’:2PDEγ’. The cone cGMP-gated channel is composed of CNGA3 and CNGB3, in a reported 
symmetrical 2CNGA3:2CNGB3 stoichiometry (Peng et al., 
2004), different from the rod channel and still surprising. The 
situation with GC is complex. There are two homologous GCs: 
retGC-1 and retGC-2 (both belonging to the multimember “par-
ticulate” family of GCs, with a single transmembrane domain). 
In mouse, rods have both forms, whereas cones primarily 
express retGC-1. Similarly, rods have both GCAP1 and GCAP2, 
but cones primarily express GCAP1. There are two pigment 
kinases, GRK1 and GRK7. GRK1 is present in rods, but GRK1 
and GRK7 are typically both present in cones. Mouse is an 
exception to this, as it only has GRK1, present in both rods and 
cones. There are also rod and cone versions of arrestin; in at 
least mouse, however, cones express both versions (Nikonov 
et al., 2008). RGS9 appears to be common to both rods and 
cones, as do R9AP and Gβ5. So far, only one recoverin isoform 
has been described, and it is present in both rods and cones. 
Finally, there are rod and cone versions of NCKX (Schnetkamp, 
2004). Much work remains to sort out the functional signifi-
cance of all of this complexity.
The mechanisms underlying the lower sensitivity and faster 
response kinetics of cones compared to rods are gradually 
becoming understood (Fu and Yau, 2007; Kawamura and 
Tachibanaki, 2008; Luo et al., 2008a). The pigment content 
is not necessarily very different between rods and cones. 
Instead, Gt is less efficiently activated by Rh*, and the effec-
tive lifetime of cone Rh* is also much shorter, because GRK7 
has a much higher specific activity than GRK1 and is present 
at a much higher concentration in cones than GRK1 in rods 
(Kawamura and Tachibanaki, 2008). Furthermore, the GTPase 
activity of Gtα*.GTP and hence its deactivation are more rapid in 
cones because RGS9, a key component in the GAP complex, 
is present at a much higher concentration than in rods (Cowan 
et al., 2001). In concert with the faster kinetics of the forward 
phototransduction cascade, the Ca2+ feedback is also faster 
in cones due to a faster Ca2+ decline in the light because of a 
larger surface-to-volume ratio of the cone outer segment for 
pumping down Ca2+ by NCKX (Yau, 1994). The Ca2+ feedback 
on the cGMP-gated channel is also greater in cones (Korenbrot 
and Rebrik, 2002), making this a potentially significant factor, 
unlike in rods. With different phototransduction steps being 
sped up, it remains to be determined which of them dominates 
the decline of the cone response. Surprisingly, except for their 
difference in spectral sensitivity, rod and cone pigments signal 
in quantitatively similar ways; that is, they interact in an identi-
cal manner with a given Gt, GRK1 and 7, and arrestin (Kefalov 
et al., 2003; Fu et al., 2008).
Besides the well-known pigment-regeneration pathway 
residing in the retinal pigment epithelial (RPE) cells, which serve 
both rods and cones, it now appears that a dedicated regen-
eration pathway exists for cones (Muniz et al., 2007; Travis et 
al., 2007; Wang et al., 2009). This pathway is somewhat differ-
ent mechanistically from the one in RPE cells and resides in the 
Müller glial cells, which individually span almost the entire thick-
ness of the retina. In this case, all-trans-retinol is reisomerized 
directly to 11-cis-retinol in these cells, then returned as such to 
the cones, which are capable of uptaking it at the cell body and 
converting it to 11-cis-retinal, both feats lacked by rods (Jones Cell 139, October 16, 2009 ©2009 Elsevier Inc. 251
et al., 1989) (Figure 3A, right). Unlike rhodopsin, which has no 
tendency to dissociate into opsin and 11-cis-retinal in dark-
ness, cone pigments do have some tendency to dissociate, 
probably because their chromophore-binding pocket is more 
open (e.g., Kefalov et al., 2005). Thus, in bleaching light, rod 
opsin outcompetes cone opsins in acquiring chromophore and 
acts as a huge sink for 11-cis-retinal, making it necessary for 
cones to have an additional chromophore source. Cone pig-
ments also need to be regenerated rapidly and continuously 
because they operate in bright-light conditions. This rapid 
recycling likely requires a rapid dissociation of all-trans-retinal 
from the cone opsin in order for rapid reisomerization to follow, 
thus presumably requiring a looser (or relatively open) chro-
mophore-binding pocket on cone opsin. This more open bind-
ing pocket is also likely to be partially responsible for a higher 
thermal isomerization rate, and thus higher noise, of cone pig-
ments relative to rod pigments (Kefalov et al., 2003; Fu et al., 
2008). In other words, the molecular design for achieving rapid 
regeneration of the bleached pigment may come with the price 
of greater noise in darkness.
Other Vertebrate Photoreceptors
Although the existence of extraocular photoreceptors has 
been known for some time in reptiles, birds, amphibians, and 
fish, the discoveries in recent years of additional photore-
ceptors in the retina, including that of mammals, have been 
greatly surprising. Most notably, a small subset of retinal gan-
glion cells are now known to be intrinsically photosensitive by 
virtue of the presence of the pigment melanopsin, an r-opsin 
(for review, Rollag et al., 2003; Fu et al., 2005; Hankins et al., 
2008). In the retina of vertebrates such as amphibians, fish, 
and birds, melanopsin is also expressed in at least some reti-
nal horizontal cells, HCs (e.g., Provencio et al., 1998). These 
HCs are also intrinsically photosensitive (Cheng et al., 2009; 
Jenkins et al., 2003). In addition, putative photoreceptors have 
been detected in small regions of the brains of lower verte-
brates (based largely on the localization of opsins), with some 
referred to as “deep-brain photoreceptors” (e.g., Provencio 
et al., 1998; Halford et al., 2009). Besides rod/cone pigments 
and melanopsin, other opsins found in vertebrates include pin-
opsin, parapinopsin, peropsin, vertebrate-ancient (VA) opsin 
and its alternatively spliced variant, vertebrate-ancient-long 
(VAL) opsin, RPE-retinal G protein-coupled receptor (RGR), 
neuropsin (Opn5), parietopsin, encephalopsin, and tmt-opsin 
(Figure 1A) (Terakita, 2005). Among these, only pinopsin and 
parietopsin, first identified in the photosensitive bird pineal 
gland (Okano et al., 1994) and the lizard parietal eye (Su et al., 
2006), respectively, have so far been shown to have clear light-
signaling functions in their native cells. RGR appears to be a 
photoisomerase, which contributes to pigment regeneration by 
converting all-trans-retinal to 11-cis-retinal with the help of an 
appropriate photon.
Light-Sensitive Pinealocytes
Like the retina itself, the pineal gland is an outgrowth of the 
diencephalon of the brain. Like rods and cones, pinealocytes 
also have a cilium-derived outer segment with tightly stacked 
membrane discs, although their outer segments often lack 252 Cell 139, October 16, 2009 ©2009 Elsevier Inc.the highly regular shape of rod and cone outer segments (for 
review, Eakin, 1973; Klein, 2004; Mano and Fukada, 2007). Fish 
and bird pinealocytes are light sensitive, and the green-sensi-
tive pigment, pinopsin, was first identified in the chicken pineal 
(Okano et al., 1994), although rod and cone pigments are also 
present. The phototransduction mechanism in light-sensitive 
pinealocytes appears similar to that in rods and cones, involv-
ing a pinopsin-driven and Gt-mediated hyperpolarizing light 
response produced by the closure of a cGMP-gated, nonse-
lective cation channel (Pu and Dowling, 1981; Dryer and Hen-
derson, 1991; Mano and Fukada, 2007). In addition, pinopsin 
appears to interact with Gα11 leading to circadian phase shifting 
of the gland (Mano and Fukada, 2007). The exact mechanism 
underlying the latter function remains unclear. Mammalian 
pinealocytes are not photosensitive, but, reflecting their phy-
logenetic link to retinal rods and cones, they do express some 
retinal phototransduction genes (although little opsin and no 
transducin) presumably for participating in other G protein-sig-
naling pathways (Klein, 2004). This gland supplies the hormone 
melatonin to the animal’s body. Despite the lack of photosen-
sitivity in the mammalian pineal gland, the melatonin release 
is under circadian control from the suprachiasmatic nucleus 
(SCN), with a high release in darkness.
Parietal-Eye Photoreceptor
The parietal eye (sometimes called the third eye), present on 
the forehead of some lizards and amphibians (Eakin, 1973), 
is also an outgrowth of the diencephalon and often coexists 
with the pineal gland. Unlike the less-structured pineal, this eye 
resembles the lateral eyes by having a cornea, a lens, and a 
structured retina. The retina, however, has only photorecep-
tors and ganglion cells. It is also not inverted as the lateral-eye 
retinas are, so its photoreceptors face forward and are the first 
neurons to encounter incident light. There is no retinal pigment 
epithelium overlying the photoreceptors, so the mechanism for 
pigment regeneration is unclear. These ciliary photoreceptors 
have a well-formed outer segment, which resembles the cone 
outer segment in shape and by also having lamellar evagina-
tions of the plasma membrane instead of completely inter-
nalized membrane discs as in rods. The precise function of 
the parietal eye is unknown, with one suggestion being that 
it enhances the animal’s detection of dawn and dusk based 
on color changes in the sky (Solessio and Engbretson, 1993). 
In the lateral eyes, colors are perceived based on chromatic 
antagonism between the outputs from different spectral cone 
types. Interestingly, in the parietal eye, chromatic antagonism 
exists within a single photoreceptor, with green light depolar-
izing the cell and blue light in the steady presence of green light 
hyperpolarizing it (Solessio and Engbretson, 1993). The under-
lying mechanism is now understood. There are two pigments 
in each cell: one green-sensitive and the other blue-sensitive. 
Activation of the green pigment inhibits a PDE, causing a rise in 
the cGMP level (presumably due to constitutive cGMP synthe-
sis by a GC) and the opening of a cGMP-gated, nonselective 
cation channel to produce a depolarization (Finn et al., 1997; 
Xiong et al., 1998). In the steady presence of green light (and 
hence steady depolarization), activation of the blue-sensitive 
pigment hyperpolarizes the cell by triggering a rod/cone-like 
transduction pathway, namely, activation of the same PDE to 
hydrolyze cGMP and thus closure of the same cGMP-gated 
channel (Xiong et al., 1998). This color opponency within one 
cell may be one of the most primitive forms of color vision. The 
molecular components have been identified and are rather sur-
prising (Su et al., 2006). The blue-sensitive pigment is pinopsin, 
whereas the green-sensitive pigment is a hitherto-unknown, 
phylogenetically ancient pigment named parietopsin. They act 
through different G proteins, neither being Gt. Instead, pinop-
sin appears coupled to gustducin (Ggust), a G protein mediating 
gustation in vertebrate taste receptors. Nonetheless, Ggust is 
the closest homolog of Gt and is capable of activating the reti-
nal PDE (Hoon et al., 1995). Parietopsin appears coupled to Go. 
This involvement of Go in light detection resembles that found 
in the scallop hyperpolarizing photoreceptor, an invertebrate 
ciliary photoreceptor. From this perspective, the parietal-eye 
photoreceptor, with the copresence of vertebrate and inverte-
brate components, appears to be an evolutionary missing link 
between invertebrate ciliary photoreceptors and vertebrate 
rods and cones (Su et al., 2006). The photodetection medi-
ated by Go is possibly more ancient than that mediated by Gt 
or its close relative Ggust. Because cones are thought to have 
evolved before rods (Okano et al., 1992), the closer morpho-
logical resemblance of the parietal-eye photoreceptor to cones 
than to rods is also consistent with this missing-link notion. The 
PDE in this photoreceptor is of the cone variety, although its 
cGMP-gated channel is of the rod type (Su et al., 2006). As a 
mechanism, the antagonistic controls of the PDE by Ggust and 
Go are strikingly analogous to the antagonistic controls of the 
adenylate cyclase in the heart by Gs and Gi.
Intrinsically Photosensitive Retinal Ganglion Cells
One of the most surprising discoveries in vision is that the retina 
harbors a third type of photoreceptor, intrinsically  photosensi-
tive retinal ganglion cells (ipRGCs), which use a distinct visual 
pigment, melanopsin, for light detection (Rollag et al., 2003; 
Fu et al., 2005; Hankins et al., 2008). They constitute ~1% of all 
retinal ganglion cells and project to the hypothalamic SCN (the 
central circadian pacemaker), the olivary pretectal nucleus (the 
brain center controlling the pupillary light reflex), and a number 
of other brain nuclei for accessory (non-image or subconscious) 
visual functions (Fu et al., 2005). Non-image vision informs the 
organism of the presence or absence of ambient light as well as 
its intensity and possibly spectral composition for the purpose 
of tracking the time of day or seasonal changes, among other 
functions. The SCN is innervated almost exclusively by ipRGCs. 
The other nuclei receive more mixed inputs from ipRGCs and 
conventional RGCs (the latter also mediating image vision). Even 
the dorsal lateral geniculate nucleus, which is the first central 
station for image vision, receives a weak input from the ipRGCs. 
IpRGCs also appear to signal within the retina, influencing rod 
and cone pathways (Hankins and Lucas, 2002; Zhang et al., 
2008). Thus, melanopsin is involved in both image and non-
image vision, although perhaps only very weakly in the former. 
Besides rods, cones, and ipRGCs, there appears to be no other 
photodetection system that signals to the brain. The melanop-
sin system is conserved across all mammals, including humans 
(e.g., Dacey et al., 2005).The ipRGCs are orders of magnitude less sensitive to light 
than rods and cones. This low sensitivity comes primarily from 
a low photon-capture probability due to the extremely low den-
sity of melanopsin in the plasma membrane, which is 104 times 
lower than that of the pigments in rod/cone disc membrane (Do 
et al., 2009). Moreover, unlike rods and cones, ipRGCs have 
no membrane elaborations, and melanopsin is found only in 
the plasma membrane (Belenky et al., 2003). This low photon 
capture may serve to avoid intercepting the incident light to the 
rods and cones and degrading image vision.
The poor photon capture notwithstanding, the single-photon 
response in the ipRGCs is substantial, being ~1 pA in mouse, 
or twice that of mouse rods and 100 times that of rodent cones 
(Do et al., 2009). The ipRGC single-photon response is very 
slow, lasting many seconds, or 20-fold slower than the rod 
response and 100-fold slower than the cone response. Thus, 
ipRGCs emphasize temporal integration of light signals, a hall-
mark of accessory visual functions such as circadian photo-
entrainment.
The ipRGCs have no overt ciliary or rhabdomeric features, but 
melanopsin itself belongs to the r-opsin subfamily. Like many 
invertebrate pigments and unlike rod and cone pigments, it 
may also be bistable, i.e., with a stable photoproduct. Retinal 
ganglion cells in general also share key developmental genes 
with rhabdomeric photoreceptors, including the transcription 
factors Pax6, atonal, and BarH (Arendt, 2003). Thus, perhaps 
not surprisingly, ipRGCs functionally resemble rhabdomeric 
photoreceptors (and light-sensitive melanophores, where mel-
anopsin was originally discovered; Provencio et al., 1998; Isoldi 
et al., 2005) by apparently using a PLC-type phototransduction 
mechanism (Berson, 2007; Hartwick et al., 2007). However, the 
underlying mechanistic details and molecular components are 
still very unclear and a subject of intense research. So far, one 
approach for molecularly identifying these components has been 
based on the tenet that the phototransduction proteins ought 
to be selectively, or at least predominantly, present in ipRGCs 
and not conventional RGCs. This assumption may not be valid, 
especially given the recent finding that viral transduction of con-
ventional RGCs with the melanopsin gene alone is sufficient for 
making them intrinsically photosensitive (Lin et al., 2008). Ulti-
mate verification of the phototransducing components should 
involve gene-knockout experiments, although the interpretation 
of any negative findings from such experiments may potentially 
be confounded by genetic compensation or redundancy.
Intrinsically Photosensitive Retinal Horizontal Cells
As mentioned earlier, in amphibians, fish, and bird, melanop-
sin is expressed not just in ipRGCs but also in other neurons, 
including some retinal HCs. Most recently, some dissociated 
fish HCs have indeed been found to be intrinsically photosensi-
tive (ipHCs) (Cheng et al., 2009; Jenkins et al., 2003). In catfish, 
these are cone-driven HCs (Cheng et al., 2009). Interestingly, 
light does not appear to affect a dedicated, phototransducing 
ion channel, but simply modulates the common L-type Ca chan-
nel (in amplitude but not voltage dependence). In this respect, 
the ipHC possibly stands out from all other photoreceptors. The 
mechanism underlying this Ca-channel modulation remains 
entirely unknown. In catfish at least, the signaling pigment Cell 139, October 16, 2009 ©2009 Elsevier Inc. 253
Figure 4. Phototransduction in Drosophila Rhabdomeric Photoreceptors
Absorption of a photon by rhodopsin (R) converts it to the thermostable, active metarhodopsin state (M* or Rh*), which activates heterotrimeric Gq by GTP-GDP 
exchange essentially the same as in vertebrate rods. Active Gαq binds to and activates phospholipase C (PLC), which hydrolyzes phosphatidylinositol 4,5-bis-
phosphate (PIP2) to inositol 1,4,5-trisphosphate (InsP3) and diacylglycerol (DAG), with the latter potentially producing polyunsaturated fatty acids (PUFAs) via a 
DAG lipase. Two classes of light-sensitive channels (TRP and TRPL, with the first being primarily Ca2+ permeable) are activated by a still-unknown membrane-
delimited effect of PLC activity. Ca2+ influx feeds back positively and negatively at multiple sites (indicated by red lines ending in arrowheads and small bars, 
respectively), including PKC (required for inactivation of PLC), NINAC/arrestin (Arr2), and the TRP/TRPL channels. Ca2+ is extruded by a Na/Ca exchanger. TRP, 
PKC, and PLC are assembled into a signaling complex by the scaffolding protein INAD, possibly linked to the F-actin core via NINAC, a CaM-binding class III 
myosin. INAD has 5 PDZ domains, associated preferentially with different targets. The precise composition of the native complex is uncertain. Inset: schematic 
diagram of the rhabdomeric Drosophila photoreceptor, with microvilli forming a light-guiding rhabdomere. Submicrovillar cisternae at 10–100 nm beneath the 
base of the microvilli may release Ca2+ via InsP3 receptors in many rhabdomeric photoreceptors. However, InsP3 appears to play no role in photoactivation in 
Drosophila.indeed appears to be melanopsin (Cheng et al., 2009). The light 
response is extremely slow, lasting tens of minutes. Possibly, 
this light sensitivity serves to modulate, through intracellular 
Ca2+, electrical coupling or synaptic transmission of HCs. There 
may also be nonelectrical effects of light. Because HCs have a 
central role in creating the receptive fields of visual neurons for 
detecting objects, their intrinsic photosensitivity must somehow 
affect image vision. VA/VAL opsins are also present in some 
fish HCs (Soni et al., 1998; Kojima et al., 2000), but their actions 
remain unclear. Like ipRGCs, ipHCs show no morphological 
signs of being ciliary or rhabdomeric. Developmentally, none-
theless, HCs appear to also show homology to rhabdomeric 
photoreceptors (Arendt, 2003). Thus, tentatively, the ipHCs may 
use a PLC pathway for signaling light, although at least one of its 
end points is the modulation of the voltage-gated Ca channel.
Amphioxus Rhabdomeric Photoreceptors
The cephalochordate amphioxus is strictly speaking an inverte-
brate but is included here because it is regarded as the most prim-
itive living chordate ancestor of the vertebrate lineage. Besides 
a primitive eye containing ciliary photoreceptors, the animal has 
rhabdomeric photoreceptors, which might be forerunners of the 
vertebrate ipRGCs. In this sense, these cells are the most clear-
cut rhabdomeric photoreceptors close to our lineage. There are 
two groups of these cells, called pigmented ocelli and Joseph 
cells, both expressing an apparently bistable melanopsin and 
also Gq (Koyanagi et al., 2005). Both cell types depolarize to light 
by activating a conductance, one with a high Na+ permeability and 
the other not (Gomez et al., 2009). Being inward-rectifying, neither 
of these conductances seems to be similar to the outward-recti-254 Cell 139, October 16, 2009 ©2009 Elsevier Inc.fying, light-sensitive conductance of ipRGCs. More interestingly, 
internal mobilization of Ca2+ appears to be important for the pro-
duction of the light response (Gomez et al., 2009), different from 
the ipRGCs (Berson, 2007; Hartwick et al., 2007).
Given that the ciliary photoreceptors in amphioxus are 
likely also the evolutionary forerunner of vertebrate rods and 
cones, it would be of great interest to know how phototrans-
duction works in these cells. Unfortunately, their physiological 
properties are so far completely unknown, although the ani-
mal’s genome does contain Go-opsin-like and peropsin-like 
homologs (Koyanagi et al., 2002).
Invertebrates
The protostome invertebrates account for the vast majority of 
animal species, with diverse eyes and photoreceptors. Rhab-
domeric photoreceptors dominate, particularly in arthropods 
and most molluscs. They all appear to use r-opsins, Gq and 
PLC, and depolarize to light. However, there is a dichotomy 
in that an inositol 1,4,5-trisphosphate (InsP3)-induced Ca
2+ 
release appears important for photoexcitation in some spe-
cies (e.g., Limulus and bee), whereas a membrane-delimited 
messenger linked to channel gating appears important in oth-
ers (e.g., dipteran flies). Although rarer, numerous examples of 
ciliary photoreceptors do exist, especially in Cnidaria, poly-
chaetes, and molluscs. Thus far, they are all based on a cyclic-
nucleotide signaling motif. There are no unequivocal ciliary 
photoreceptors described among the arthropods, but several 
insects, including bees and mosquitoes, express a c-opsin-
like pigment (pteropsin; Figure 1) that hints at yet-undiscovered 
extraocular ciliary photoreceptors (Velarde et al., 2005).
Drosophila
Drosophila has the best studied rhabdomeric photoreceptor. 
Typical of a compound eye, the Drosophila retina is composed 
of repeating units called ommatidia. Each ommatidium con-
tains, in addition to accessory glia, etc., eight photoreceptors, 
each of which contains ~4 × 104 tightly packed microvilli, forming 
a long (~80 µm), light-guiding rhabdomere. Six photoreceptors 
(R1–R6) are essentially identical, with a blue-green-absorbing 
rhodopsin (Rh1, λmax ~480 nm) in peripherally arranged rhab-
domeres. The central rhabdomere is a tandem arrangement of 
microvilli from cells R7 and R8, each expressing two distinct 
opsins, giving altogether four opsins with λmax ranging from 330 
to 520 nm. Like vertebrate cones, R7 and R8 mediate color 
vision (for review, Hardie and Postma, 2008; Katz and Minke, 
2009). Unlike the vertebrate rod/cone dichotomy in photosen-
sitivity, however, R1–R6 and R7/8 all respond to single pho-
tons with a similar gain, and they all adapt up to the brightest 
daylight intensities. Moreover, except for their distinct visual 
pigments, the other key phototransduction elements in R1–R6 
and R7/8 appear to be molecularly identical (i.e., coded by the 
same genes).
Phototransduction Motif
Phototransduction in Drosophila is mediated by a Gq-coupled 
PLC signaling cascade that has become an influential genetic 
model for this pathway (for review, Pak, 1995; Hardie and 
Raghu, 2001; Wang and Montell, 2007; Hardie and Postma, 
2008; Katz and Minke, 2009; Figure 4). The PLC, a β isoform, 
is coded by the norpA gene, a close homolog of the vertebrate 
PLCβ4. Intriguingly, PLCβ4 is also expressed in retinal rods and/
or cones (Ferreira and Pak, 1994; Peng et al., 1997) and PLCβ4 
knockout mice show subtle visual defects, although pho-
totransduction per se appears unaffected (Jiang et al., 1996). 
The final step in phototransduction consists of the opening of 
two tetrameric transient-receptor-potential channels (TRP and 
TRPL). The light response is dominated by TRP, which has an 
unusually high Ca2+ selectivity (PCa:PNa > 50:1). TRP is the pro-
totypical member of a large family of nonselective cation chan-
nels (Montell and Rubin, 1989; Hardie and Minke, 1992; Phillips 
et al., 1992), with 28 mammalian members distributed among 
6 subfamilies (for review, Montell, 2005). TRP and TRPL define 
the TRPC (canonical TRP) subfamily, with all members being 
activated downstream of PLC.
Several cascade elements are organized, with an ~1:1 stoi-
chiometry, into multimolecular signaling complexes by a scaf-
folding protein, INAD. INAD contains 5 PDZ domains each with 
specific binding targets (for review, Tsunoda et al., 1998; Huber, 
2001), with the core ones being PLC, TRP, and an eye-specific 
protein kinase C (PKC) required for response termination. Each 
microvillus, with a membrane surface area of ~0.2 µm2, con-
tains ~1000 Rh, 50 Gq, 100 INAD, 100 PLC, 100 PKC, 25 TRP, 
and 2–3 TRPL (Hardie and Raghu, 2001).
Activation
Light isomerizes the chromophore 11-cis 3-hydroxy retinal to 
the all-trans configuration to generate metarhodopsin (named 
“M,” as opposed to “R,” the inactive 11-cis state; for consis-
tency in this Review, we shall refer to the active M-state as 
Rh* unless for specific reasons otherwise). With Rh molecules 
arranged in an apparently rigid helical array (Suzuki et al., 1993), and PLC and TRP effectively immobilized in INAD complexes, 
only Gq is likely free to diffuse. Each Rh* probably activates 
5–10 Gq molecules by diffusional encounters at 100–200 per 
second, not greatly different from the Gt*/Rh* signaling ratio in 
rods noted earlier. Each Gαq*.GTP activates one PLC molecule, 
which hydrolyzes the minor membrane phospholipid, phos-
phatidylinositol 4,5-bisphosphate (PIP2), to release InsP3 and 
diacylglycerol (DAG). Like the rod PDE*, this PLC* has a very 
high enzymatic rate (Hardie et al., 2001).
Exactly how PLC* activity opens TRP and TRPL channels 
remains controversial (Katz and Minke, 2009; Raghu and Hardie, 
2009). In contrast to some other rhabdomeric photoreceptors, 
there is minimal light-induced Ca2+ release from internal stores, 
and InsP3-receptor mutants have no defects in phototransduc-
tion. Attention has thus turned to the lipid effects of PLC* activ-
ity. These include: (1) the generation of DAG, (2) the generation 
of downstream metabolites of DAG, such as polyunsaturated 
fatty acids possibly released from DAG by an additional enzyme 
(DAG lipase), and (3) a reduction in PIP2. There is evidence for 
each of these three substances being involved in channel gat-
ing, but none is conclusive. Given that TRP channels are often 
polymodally regulated (Rohacs and Nilius, 2007), it is even pos-
sible that all three take part. At any rate, the key channel-gating 
messenger is likely a membrane-delimited lipid effect resulting 
from PLC* activity. This scenario resonates with the situation for 
mammalian TRPC homologs, all of which are also gated down-
stream of PLC by unresolved mechanisms. For instance, DAG 
activates a subset of mammalian TRPCs, although whether the 
activation is direct is unclear; in addition, PIP2 has recently been 
reported to have both inhibitory and excitatory effects on certain 
TRPCs (for review, Beech et al., 2009; Raghu and Hardie, 2009). 
One difficulty is the failure to identify binding domains for lipids 
such as DAG and PIP2 (but see Kwon et al., 2007 for a reported 
binding site on TRPC6 for PIP3), raising the possibility that chan-
nel gating involves not a ligand in the classic sense but, instead, 
PLC-induced alterations in the physical properties of the bilayer 
(Katz and Minke, 2009).
Quantum Bump (Single-Photon Response)
In Drosophila, a single Rh* generates a quantum bump of ~10 
pA, corresponding to ~15 open TRP channels (Hardie and 
Postma, 2008; Katz and Minke, 2009). Quantum bumps have 
a stereotypic waveform with a half-width of ~20 ms but a finite 
and characteristically variable latency of 15–100 ms. This vari-
able latency contrasts with the single-photon response of ver-
tebrate rods, which are 10–100 times slower but of relatively 
constant latency. Under voltage clamp, the response to a flash 
delivering even up to several hundred absorbed photons still 
consists of a linear summation of the underlying bumps, with a 
waveform given by the mathematical convolution of the latency 
distribution and the bump waveform. The quantum bump most 
probably represents an event restricted to a single microvillus, 
with its tiny dimensions ensuring minimal diffusion times and 
extremely rapid rise and fall of reactant concentrations. Within 
a microvillus, a single ion or molecule already represents a 
concentration close to 1 µM!
The amplification and rapid kinetics of the quantum bump 
depend critically on Ca2+ influx through the TRP channels, 
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The negative Ca2+ feedback is shared with vertebrate rods and 
cones, albeit by distinct molecular mechanisms. The positive 
Ca2+ feedback appears unique to rhabdomeric photorecep-
tors, although its molecular basis remains unclear. Although 
Ca2+ by itself does not activate the channels, it appears to 
greatly increase the channel’s open probability. According to 
current understanding, a membrane-delimited second mes-
senger gradually increases in concentration with successive 
PLC molecules activated. At some stochastic point in time and 
space, the local second-messenger concentration overcomes 
the threshold for the first TRP channel to open. With a flux of 
~106 Ca2+ per second per channel, the rapid rise in internal 
Ca2+ throughout the microvillus facilitates the opening of most 
of the remaining channels. Subsequently, however, this rise 
in microvillar Ca2+ to near-millimolar levels (Oberwinkler and 
Stavenga, 2000) triggers negative feedback acting at multiple 
targets, including the channels, and rapidly terminates the 
bump (Figure 4). Once the channels are inactivated, Ca2+ is rap-
idly cleared by combined diffusion into the cell body and extru-
sion via a powerful Na/Ca exchanger (NCX) on the microvilli 
(Wang et al., 2005). A quantum bump can then be generated 
again in the same microvillus after a refractory period of ~100 
ms (i.e., at ~10 Hz). Computational models based on this frame-
work can quantitatively account for the major features of the 
light response, including the quantum-bump amplification, its 
kinetics, and stochastic variability (Hardie and Postma, 2008; 
Pumir et al., 2008).
During light adaptation, the accumulated Ca2+ influx raises 
steady-state Ca2+ to a level as high as ~10 µM throughout the 
whole cell (Oberwinkler and Stavenga, 2000). Because the 
channels are inhibited by Ca2+, both the amplitude and the 
duration of the bumps are now greatly reduced, and the refrac-
tory period probably shortened. With ~4 × 104 microvilli, each 
capable of signaling photons at 10 Hz or faster, this strategy 
allows the photoreceptor to process daylight intensities, which 
approach 106 absorbed photons per second per cell.
Deactivation
As in vertebrate rods and cones, each phototransduction step 
needs to terminate in a timely fashion. Ca2+ again plays a major 
role. Drosophila expresses two arrestin isoforms, Arr1 and 
Arr2, but only Arr2 appears important for response termina-
tion (Dolph et al., 1993). Although Rh* is phosphorylated on 
C-terminal serine residues, this phosphorylation, unlike in rods, 
appears unnecessary for response termination or Arr2 binding 
(Hardie and Postma, 2008). Nevertheless, inactivation of Rh* 
by Arr2 is tightly regulated by Ca2+, taking ~200 ms without 
Ca2+ influx and only 20 ms with physiological Ca2+ influx. Muta-
tion analysis shows that this Ca2+ dependence requires calm-
odulin and myosin III (NINAC). A working model is that Arr2 is 
constitutively bound to NINAC in the microvilli under low-Ca2+ 
conditions, but the Ca2+ influx promotes, via calmodulin, the 
release of Arr2, allowing Arr2 to rapidly inactivate Rh* (Figures 
3B and 4) (Liu et al., 2008).
The active Gαq*.PLC is deactivated by the generic mechanism 
of intrinsic GTPase activity as in rods and cones. No dedicated 
GAP proteins (such as the RGS9 complex in rods) have yet 
been identified, but, analogous to PDEγ in rods and cones, PLC 
itself is an obligatory GAP protein. In severe PLC hypomor-256 Cell 139, October 16, 2009 ©2009 Elsevier Inc.phic mutants, Gαq*.GTP can remain active for many minutes 
before encountering any PLC (Katz and Minke, 2009). Rapid 
termination of PLC* activity also requires Ca2+ influx. Thus, in 
trp mutants lacking TRP (the more Ca2+-permeable light-sen-
sitive channel), the PLC* stays active long enough to deplete 
the entire PIP2 reserve in the rhabdomere within ~1 s of bright 
illumination (Hardie et al., 2001). In fact, this depletion of PIP2 
appears to underlie the phenotype of the trp mutants. The Ca2+ 
dependence of PLC* inactivation also requires PKC (Gu et al., 
2005). Interestingly, the INAD scaffolding protein appears to 
undergo a light- and PKC-dependent conformational change 
(involving the formation of an intramolecular disulfide cystine 
bridge) that disrupts one of its PDZ domains (Mishra et al., 
2007). Given that PLC is one of the core members of the INAD 
complex, this INAD conformational switch may underlie the 
rapid inactivation of PLC, but this has yet to be confirmed.
Finally, analogous to the rod CNG channel, the Drosophila 
light-sensitive channels, TRP and TRPL, are also negatively 
regulated by Ca2+, with an IC50 (half-maximal inhibitory con-
centration) of ~1 µM, perhaps via their CaM-binding sites. This 
Ca2+-dependent channel inactivation appears to be the domi-
nant mechanism for light adaptation (Gu et al., 2005).
Pigment Cycle
A key difference between rhabdomeric and ciliary pigments 
is that the metarhodopsin state (M-state) of rhabdomeric pig-
ments is usually thermostable, i.e., the all-trans-retinal in M 
does not dissociate from the opsin moiety. Instead, the hol-
opigment can be reisomerized to the R-state by another pho-
ton. The M-state absorption peak (λmax ~570 nm) in Drosophila 
is red-shifted compared to that of the R-state (λmax ~480 nm), so 
long-wavelength light passing through a red screening pigment 
in the eye always favors reconversion to R. Drosophila does 
have the biochemical machinery for chromophore biogenesis 
(Wang and Montell, 2007), but photoreisomerization mediated 
by ambient illumination is the typical mechanism under normal 
conditions (Figure 3) (for review, Stavenga, 1996).
As mentioned above, Rh* is phosphorylated (by a kinase that 
is presumably a homolog of vertebrate GRK1), but this is not 
required for arrestin (Arr2) binding and it is questionable if it 
plays any direct role in response termination. Arr2 is also phos-
phorylated at a single serine residue by CamKII (Matsumoto et 
al., 1994), but this is likewise not required for Arr2′s binding to 
the M-state of Rh. Instead, Arr2 needs to be phosphorylated in 
order to dissociate from the R-state of the pigment after pho-
toreisomerization. Following Arr2 dissociation, the phosphory-
lated R is dephosphorylated by a Ca2+-CaM-dependent phos-
phatase coded by the rdgC gene (Wang and Montell, 2007; 
Hardie and Postma, 2008; Katz and Minke, 2009). A range 
of genetic defects affect this cycle directly or indirectly (e.g., 
due to compromised Ca2+ influx), resulting in light-dependent 
apoptotic retinal degeneration due to accumulated hyperphos-
phorylated Rh*.Arr2 complexes, which are targets for clathrin-
mediated endocytosis (Wang and Montell, 2007).
Limulus Ventral Photoreceptor
In Drosophila, InsP3-induced Ca
2+ release does not appear to 
play a role in phototransduction, but this mechanism is clearly 
important in many other species (bee, amphioxus, Limulus, 
and at least some molluscs). The most thoroughly investigated 
of these is the Limulus (horseshoe crab) ventral photoreceptor. 
For many years, this cell was actually the preferred invertebrate 
photoreceptor of study because its large size allows multiple-
microelectrode insertions for two-electrode voltage clamp and 
pharmacological injections (for review, Dorlochter and Stieve, 
1997; Nasi et al., 2000).
Exogenous InsP3 or Ca
2+ introduced into Limulus photo-
receptors clearly activates what appears to be the light-sen-
sitive current. Light also triggers InsP3-induced Ca
2+ release 
from intracellular stores (the submicrovillar cisternae) that can 
elevate free cytosolic Ca2+ to ~150 µM (Nasi et al., 2000). On 
the other hand, cGMP is the only substance found so far to 
activate ion channels in an excised membrane patch from the 
microvilli, prompting the proposal that cGMP may be produced 
by a Ca2+-dependent GC and constitutes an additional, pen-
ultimate step in phototransduction. There is no biochemical 
or molecular evidence for this enzyme, but inhibitors of the 
nonsoluble type of GC severely attenuated the light response 
(Garger et al., 2001).
Such a “linear” cascade has been challenged, however. 
Other studies have suggested as many as three different kinds 
of light-sensitive channels possibly operating in parallel, con-
trolled by distinct G protein-mediated pathways: one signaling 
via PLC and InsP3, a second via GC, and a third via adeny-
late cyclase (Dorlochter and Stieve, 1997; Nasi et al., 2000). 
Consistent with the electrophysiological evidence mentioned 
above, a cGMP-gated cation channel homologous to the ver-
tebrate CNG channels has been cloned and immunolocalized 
to the microvillar membrane (Chen et al., 2001). A Limulus trp 
homolog was also found in the mRNA from the ventral photo-
receptor (Bandyopadhyay and Payne, 2004). Finally, the latter 
authors have found that a DAG analog injected into the cell 
activated an inward current with properties similar to the light-
activated current.
Quantum bumps in Limulus share several features with those 
in Drosophila, including the variable latency, comparable first-
stage (Rh*-Gα*) gain, threshold, and negative feedback via Ca
2+ 
(Nasi et al., 2000). However, the Limulus quantum bump is up to 
2 nA in amplitude and mediated by several thousand ion chan-
nels spread over dozens of microvilli. Presumably, the InsP3 
generated initially in one microvillus diffuses to its base and 
releases Ca2+ from InsP3-sensitive stores, resulting in a rapid, 
large, but still relatively local Ca2+ release that can activate, or 
facilitate the opening of, ion channels on several microvilli up 
to ~2 µm from the release site. Limulus differs from Drosophila 
in that the light-sensitive channels have very little permeabil-
ity for Ca2+; yet, in both species, Ca2+ has both excitatory and 
inhibitory roles in transduction. In Drosophila, this is mediated 
by Ca2+ influx; in Limulus, the Ca2+ comes from InsP3-induced 
Ca2+ release, with at least one negative-feedback target being 
the InsP3 receptor (Nasi et al., 2000).
Scallop Hyperpolarizing and Depolarizing Photoreceptors
When ciliary and rhabdomeric photoreceptors coexist in 
the same animal, one type (rhabdomeric in most inverte-
brates, ciliary in vertebrates) typically dominates in the 
eyes, whereas the other performs nonvisual functions or is present as extraocular photoreceptors. However, in some 
marine molluscs such as the scallop (Pecten), the retina of 
the image-forming eye is more or less equally divided into 
two layers, one with ciliary and the other with rhabdomeric 
photoreceptors. In scallop, the ciliary photoreceptors are 
hyperpolarizing and the rhabdomeric photoreceptors are 
depolarizing (Nasi et al., 2000).
The hyperpolarizing photoreceptor is the best studied 
example of an invertebrate ciliary photoreceptor and, as 
might be expected, uses a cGMP-gated channel for pho-
totransduction. Most surprisingly, however, the channel 
in this case is K+ selective and opens in response to light 
(Gomez and Nasi, 1995). Equally surprising, the pigment 
(SCOP2) appears to be coupled to Go rather than Gt (which 
may not even exist in invertebrates) (Kojima et al., 1997). 
Finally, light changes the cGMP level by affecting the activ-
ity of a GC rather than a PDE (Gomez and Nasi, 2000). Thus, 
there are two distinct ways to achieve a hyperpolarizing light 
response: a Gt-PDE pathway (which leads to a decrease 
in cGMP) coupled to a cGMP-gated, nonselective cation 
channel as in rods and cones and a Go-GC pathway (which 
leads to an increase in cGMP) coupled to a cGMP-gated K 
channel. Because the latter pathway occurs also in other 
invertebrates, it appears to be a separate submotif in cyclic-
nucleotide signaling for ciliary photoreceptors, and perhaps 
more ancient than the Gt-PDE pathway. The GC involved 
here is not a nitric-oxide-activated soluble GC (Gomez and 
Nasi, 2000) and, being likely G-protein coupled, is presum-
ably not a “particulate” GC of the kind found in rods and 
cones. Instead, it may be an adenylate-cyclase-related GC 
(for review, Linder and Schultz, 2002). The Go-opsins, of 
which SCOP2 is an example, diverged phylogenetically from 
a common ancestral opsin prior to the protostome/deuteros-
tome split. Consistent with the above notion that the Go-GC 
pathway may be more ancient than the Gt-PDE pathway, the 
Go-opsins also appear to be more ancient than Gt-opsins 
and are most closely related to vertebrate neuropsins, per-
opsins, and retinochromes (photoisomerases) (Terakita, 
2005). Recently, the first gene coding for a cGMP-gated K 
channel has been identified in sea urchins, situated phyloge-
netically between the classic CNG nonselective cation chan-
nels and the ERG K channel family (Galindo et al., 2007). As 
another departure from rods and cones, light adaptation in 
this photoreceptor appears completely independent of Ca2+ 
because there is neither intracellular Ca2+ release nor Ca2+ 
influx. Instead, cGMP may also mediate adaptation, possibly 
via protein kinase G (Gomez and Nasi, 2005a). It will be inter-
esting to know whether this feature is typical of Go-mediated 
phototransduction pathways.
By contrast, the scallop-depolarizing photoreceptors appear 
to be of the canonical rhabdomeric type. They express an 
r-opsin (SCOP1) and Gαq (Kojima et al., 1997) and are believed 
to respond to light via a PLC cascade and the opening of a non-
selective cation channel. Although InsP3-induced Ca
2+ release 
clearly has an excitatory role, this may not be essential for pho-
toexcitation, Moreover, as in Drosophila, light-induced DAG 
production and/or PIP2 decrease appear important (Gomez 
and Nasi, 2005b; Nasi et al., 2000).Cell 139, October 16, 2009 ©2009 Elsevier Inc. 257
Figure 5. Phototransduction Motifs in Vertebrates and Invertebrates
There are two primary motifs, one mediated by cyclic nucleotides and the other by phospholipase C (PLC), segregated in ciliary and rhabdomeric photorecep-
tors, respectively. Within each primary motif, the canonical pathways are shown in black, and the noncanonical ones in brown to indicate their rare occur-
rence as currently known. The cyclic-nucleotide motif has two submotifs, mediated by Gt (or its close homolog, Ggust) and Go. In the Gt (?) pathway, found in 
the abdominal ganglion of the marine slug, Onchidium, the involvement of Gt is by inference only, without molecular identity, hence the question mark. The 
Gs pathway, reported in a box jellyfish, is tentative at present. The second, noncanonical Go pathway, found in the vertebrate parietal-eye photoreceptor, dif-
fers from the canonical Go pathway by involving a decrease in phosphodiesterase (PDE) activity rather than an increase in guanylate cyclase (GC) activity, 
with the same end result, namely, an increase in cyclic GMP (cGMP). The Go-PDE pathway may be unique to the parietal-eye photoreceptor, called for by the 
chromatic antagonism in this cell. In the PLC canonical pathway, the dashed lines indicate that the channel-activating messenger is still unclear. PLC depletes 
phosphatidylinositol 4,5-bisphosphate (PIP2) by hydrolyzing it into diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (InsP3), with the latter releasing Ca
2+ 
from intracellular stores; there is evidence implicating PIP2, DAG, InsP3 (via intracellular Ca
2+ release), and a metabolite of DAG in the gating of the TRP-family 
nonselective cation channels. Ca2+ may also act synergistically with lipid messengers rather than as an activator in its own right. The canonical Gq pathway is 
typified by Drosophila and Limulus photoreceptors. The noncanonical Gq pathway is tentative, found in vertebrate intrinsically photosensitive horizontal cells 
(ipHCs), and suggested by current evidence to use melanopsin (an r-opsin) as pigment; however, there is no information on the intermediate steps or their 
molecular components. There are other differences between motifs or variations within a motif. For example, prominent negative feedbacks mediated by Ca2+ 
exist in the canonical Gt-mediated pathway but are apparently absent in the canonical Go-mediated pathway.Cephalopod Photoreceptors
The lensed eyes of cephalopods such as squid and octopus 
are populated entirely by rhabdomeric photoreceptors. Their 
large sizes have proven valuable for biochemical studies and 
for the purification of rhabdomeric proteins. They have the 
canonical components of PLC signaling: Rh, Gq, PLC, and TRP 
channels, along with Rh kinase and arrestin (for review, Lott 
et al., 1999; Mayeenuddin and Mitchell, 2003). Recently, the 
crystal structure of squid rhodopsin has been resolved down 
to 2.5 Å, providing the first structure of a Gq-coupled GPCR 
(Murakami and Kouyama, 2008). Unfortunately, cephalopod 
photoreceptors have proven less amenable to physiological 
experiments, so there is essentially no information about the 
mechanistic details downstream of PLC.
Single Photosensitive Neurons in Onchidium
The central nervous system of many invertebrates contains light-
sensitive interneurons with no overt ciliary or rhabdomeric fea-
tures. Among the best studied are four giant interneurons in the 
abdominal ganglion of the marine slug, Onchidium (for review, 
Gotow and Nishi, 2008). Two of these cells (AP1 and Es1) depolar-
ize to light due to the closure of a cGMP-gated K conductance, 
whereas the others (Ip1 and Ip2) hyperpolarize to light due to the 258 Cell 139, October 16, 2009 ©2009 Elsevier Inc.opening of a similar conductance. Pharmacological data suggest 
the involvement of Go and GC (as in the scallop ciliary photore-
ceptor) in the hyperpolarizing cells and of Gt and PDE (as in verte-
brate rods and cones) in the depolarizing cells, but no molecular 
information is available. Molecular confirmations are especially 
important in this case because Gt has not been reported in inver-
tebrates so far; instead, the G-protein may be a more ancient 
homolog of Gt/Ggust. In any case, these cells clearly follow one 
or the other cyclic-nucleotide submotifs. The response polarity 
of the AP1 and Es1 cells also reveals a new feature; namely, the 
choice of a cGMP-gated K channel can still lead to a depolariz-
ing light response, provided the upstream pathway involves PDE 
activation and a cGMP decrease. As for the Ip1 and Ip2 cells, the 
mechanism underlying the hyperpolarizing response pretty much 
follows that in the scallop hyperpolarizing response described 
earlier. It would be interesting to know whether the submotif of Go 
→ GC → cGMP increase → cGMP-gated K channel opening → 
hyperpolarization is stereotyped in invertebrates.
Jellyfish
The most primitive extant animals with image-forming eyes 
are the Cnidaria, which are prebilaterians—evolving prior 
to the protostome/deuterostome split (Figure 1B). Until 
recently, very little was known about phototransduction in 
these organisms, which include jellyfish, box jellyfish, and 
hydrozoans. The photoreceptors in elaborate lensed eyes 
of box jellyfish have a ciliary morphology. Numerous cloned 
Cnidarian opsins cluster as a group most closely related 
to the c-opsins (Suga et al., 2008). Surprisingly, the only G 
protein identified so far in photoreceptors of the box jelly-
fish Carybdea is Gs. As expected from this, light is found to 
induce cAMP production in the eye (Koyanagi et al., 2008). 
If this effect indeed underlies the electrical response to 
light, this cell type would probably be the first example of an 
opsin-based photoreceptor signaling via neither cGMP nor 
PLC (albeit a CNG pathway nonetheless). For another box 
jellyfish, Tripedalia, gene expression for a cGMP cascade 
typical of ciliary-type phototransduction has been found, 
including PDE, phosducin, and GC (Kozmik et al., 2008).
A Gustatory Receptor Sensing Ultraviolet Light in 
Caenorhabditis
The nematode worm, C. elegans, is generally considered 
blind. It has no eyes, no morphologically distinguishable pho-
toreceptors, and no opsins in its genome. Surprisingly, two 
recent studies reported its locomotory response to intense 
UV illumination, presumably for evading harmful sunlight. 
Based on high-throughput mutagenesis screening, a gene, 
lite-1, required for this behavioral response to light was identi-
fied (Edwards et al., 2008). Remarkably, lite-1, along with two 
homologs, lite-2 and lite-3, is most closely related to a family 
of insect gustatory receptors (Gr), coding for proteins with 
7–8 predicted transmembrane domains and no sequence 
homology to opsins or other GPCR family members. Ectopic 
expression of lite-1 in muscle cells rendered them likewise 
photosensitive, implicating lite-1 as a novel photosensitive 
protein. It is still possible, however, that lite-1 is activated by 
a free radical or photo-oxidation product generated by the 
intense UV illumination, in which case it would not be a bona 
fide photosensitive pigment. In a separate study, a similar UV 
response was defective in tax mutants lacking functional CNG 
channels (Ward et al., 2008), but this has been challenged by 
the former group. This intriguing system clearly requires fur-
ther investigation.
Summary and Conclusions
In this Review, we have surveyed the phototransduction 
mechanisms in a range of ciliary and rhabdomeric photore-
ceptors from both vertebrates and invertebrates. Vertebrate 
rods in particular have been investigated in unparalleled 
detail and the analysis of their transduction cascade rep-
resents a real triumph in modern biology. A beneficiary of 
this information is clinical ophthalmology, with many retina-
afflicting diseases becoming understood and therapies cur-
rently being devised. The Drosophila photoreceptor, with an 
apparently more challenging PLC phototransduction path-
way, is nonetheless also understood in considerable detail 
and represents an influential genetic model for this ubiqui-
tous cascade. Our survey has revealed a degree of diversity. 
Nevertheless, a principle first suggested over 10 years ago 
on the basis of only a few examples (Finn et al., 1997; Xiong et al., 1998; Nasi et al., 2000) remains true: namely, ciliary 
photoreceptors use a cyclic-nucleotide motif, and rhabdo-
meric photoreceptors use a PLC motif, for signaling light. 
This dichotomy applies even to photoreceptors with no cili-
ary or rhabdomeric morphological features, consistent with 
their evolutionary link to ciliary or rhabdomeric photorecep-
tors based on their expression of certain developmental 
genes (Arendt, 2003).
The motifs of phototransduction and their variations are 
summarized in Figure 5. For ciliary photoreceptors, there 
are two submotifs, one mediated by Gt (or its close homolog 
Ggust) and the other by Go. The Go motif may be more ancient 
than the Gt motif. Current knowledge indicates that Gt invari-
ably activates a PDE and hence cGMP hydrolysis. Go, on the 
other hand, can activate a GC or inhibit a PDE, although the 
result in either case is a rise in cGMP. It is possible that the 
coupling of Go to PDE inhibition is unique to the vertebrate 
parietal-eye photoreceptor in connection with its unusual 
chromatic antagonism, whereas the coupling of Go to GC is 
more mainstream, say, in invertebrates. Downstream from 
cGMP, the light-transducing, cGMP-gated channel can be 
nonselective among cations (as in vertebrate ciliary photo-
receptors) or selective for K+ (as in protostome invertebrate 
ciliary photoreceptors), with the open channel leading to a 
depolarization or a hyperpolarization, respectively. Thus, the 
response polarity depends on the choice between Gt and Go 
pathways and also the choice between a nonselective cation 
channel and a K channel. More fundamentally, the question 
is often asked whether ethological or signaling factors might 
dictate the choice between a hyperpolarizing and a depolar-
izing response to light. There is probably no simple answer to 
this question. Certainly, in both cases, photosensitivity can 
be high and signaling can be effective because vertebrate 
rods as well as Drosophila photoreceptors can signal single-
photon absorption. One might have thought that a hyperpo-
larizing photoreceptor such as the rod would be metaboli-
cally disadvantageous in a mostly dark habitat because its 
dark current requires a lot of energy to sustain. However, it 
turns out that the Drosophila photoreceptor, which depolar-
izes to light, uses as much energy in darkness as the rod, 
and it further increases its energy consumption as the light 
level increases (Okawa et al., 2008). In contrast, the rod actu-
ally becomes more energy efficient when the dark current 
decreases or disappears in the light (Braun et al., 1995).
There are also variations within the PLC motif for rhabdo-
meric photoreceptors. Perhaps the most significant one is the 
divergence with respect to whether or not InsP3-induced Ca
2+ 
release is a key step in producing the light response. In addi-
tion, there may be differences in the details of channel gating, 
but, remarkably, no channel-gating mechanism has yet been 
unequivocally established for any rhabdomeric photoreceptor. 
With this caveat, the phototransduction cascade in rhabdo-
meric photoreceptors seems otherwise well conserved, always 
employing Gq and PLC, and almost always resulting in a depo-
larization mediated by the activation of a nonselective cation 
channel. We are aware of only one possible hyperpolarizing 
light response, from a supposedly rhabdomeric photoreceptor 
of the tunicate Salpia (McReynolds and Gorman, 1975). There Cell 139, October 16, 2009 ©2009 Elsevier Inc. 259
is, however, no information on the mechanism, and even its 
identification as a true rhabdomeric photoreceptor has been 
questioned (Salvini-Plawen, 2008).
Not only can ciliary and rhabdomeric photoreceptors coex-
ist in the same animal, but both phototransduction motifs can 
coexist and signal light in the same cell, although not exactly for 
the same purpose. Thus, in the chicken pinealocyte, pinopsin 
(a c-opsin) and Gt are involved in producing the hyperpolarizing 
light response for directly curtailing melatonin release; addi-
tionally, pinopsin appears to couple to Gα11 (a close homolog 
of Gq) for phase-shifting the circadian rhythm of the cell, pre-
sumably via a PLC pathway. Even in rods and/or cones, Gα11 
and PLCβ4 are present (Ferreira and Pak, 1994; Peng et al., 
1997) but are apparently not involved in the phototransduction 
pathway (Jiang et al., 1996). Conversely, a cGMP-gated chan-
nel has been found in the rhabdomeric ventral photoreceptor 
of Limulus (Chen et al., 2001), which may be responsible for at 
least one component of the light response. CNG channels and 
a soluble GC are also expressed in Drosophila photoreceptors, 
although in this case they are implicated in axonal path-finding 
during development rather than phototransduction (Baumann 
et al., 1994; Gibbs and Truman, 1998). In this perspective, one 
interesting research direction would be to continue exploring 
the potential divergence or intersections of the two motifs trig-
gered by a pigment in a given ciliary or rhabdomeric photo-
receptor, with one serving a canonical phototransduction role 
and the other playing a modulatory role or carrying out an unre-
lated function.
Another area currently attracting much interest concerns the 
light-dependent translocations of phototransduction proteins 
in photoreceptors. In vertebrate rods, massive translocation of 
Gt takes place from the outer segment to elsewhere in the cell 
under light-adapted conditions, returning in darkness; arres-
tin moves in the opposite direction (for review, Calvert et al., 
2006). Similar light-induced movements of Gq and arrestin, as 
well as TRPL, occur in and out of the rhabdomeric compart-
ment in flies (Katz and Minke, 2009). One suggested function 
of these translocations is to provide long-term light adaptation. 
It is conceivable that the less-central light-triggered pathway in 
a photoreceptor is involved in such a function.
Finally, this Review has focused on animal photoreceptors that 
typically signal light to the brain via opsin and a vitamin A-based 
chromophore. These photoreceptors belong to the overwhelm-
ing majority in the animal kingdom. There is, however, at least 
one other known photoprotein, namely, the blue-absorbing fla-
voprotein cryptochrome. In Drosophila, there is good evidence 
that cryptochrome absorbs light and signals it to the molecular 
clock mechanism (for review, Ashmore and Sehgal, 2003). In 
vertebrates, the two cryptochromes (CRY1 and CRY2) are com-
ponents of the molecular clock, but here their role appears to 
be unrelated to light signaling. In a potentially fascinating devel-
opment, cryptochromes have been proposed to underlie mag-
netic-compass orientation in birds (Mouritsen and Ritz, 2005) 
and insects (Yoshii et al., 2009). The recent discovery in C. ele-
gans of UV light avoidance via a gustatory receptor also raises 
the possibility of yet another photoprotein. However, we must 
wait to see whether the receptor, lite-1, indeed absorbs light 
directly.260 Cell 139, October 16, 2009 ©2009 Elsevier Inc.ACknOwledgMenTs
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